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Edited by Ulrike KutayAbstract The inner nuclear membrane (INM) of eukaryotic
cells is characterized by a unique set of transmembrane proteins
which interact with chromatin and/or the nuclear lamina. The
number of identiﬁed INM proteins is steadily increasing, mainly
as a result of proteomic and computational approaches. How-
ever, despite a link between mutation of several of these proteins
and disease, the function of most transmembrane proteins of the
INM remains unknown and depletion of many of these proteins
from a variety of systems did not produce an obvious phenotype
in the aﬀected cells. Here, we report that depletion of the con-
served INM protein Lem2 from human cell lines leads to abnor-
mally shaped nuclei and severely reduces cell survival. We
suggest that interactions of Lem2 with lamins or chromatin are
critical for maintaining the integrity of the nuclear envelope.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The nuclear envelope (NE) of eukaryotic cells consists of the
outer and inner nuclear membranes as well as nuclear pore
complexes (NPCs) which mediate transport in and out of the
nucleus. The inner nuclear membrane (INM) is characterized
by a set of proteins that exclusively localize there. In metazoa
it is linked to the nuclear lamina, a network of ﬁlamentous
proteins that resides between (and interacts with) the INM
and chromatin (reviewed in [1]).
A growing number of transmembrane proteins of the INM
has been described, and several of these proteins interact with
chromatin and/or lamins [2,3]. These interaction might be in-
volved in targeting membranes to chromatin during the post-
mitotic reassembly of the NE [4–6].Abbreviations: BAF, barrier-to-autointegration factor; INM, inner
nuclear membrane; LEM, Lap2, Emerin, Man1; NE, Nuclear enve-
lope; NPC, nuclear pore complex
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doi:10.1016/j.febslet.2006.10.060However, despite the identiﬁcation of binding partners, the
function of most of the INM proteins in the interphase nucleus
is unknown. Insight into NE protein function is particularly
important as mutations in lamins and INM proteins are linked
to a diverse set of diseases, including laminopathies and mus-
cular dystrophy [7–9]. The molecular mechanisms responsible
for these defects are not well understood, but might include
changes in the morphology and structural integrity of the
NE as well as alterations in gene expression.
In order to investigate potential functions of INM proteins,
gene silencing studies using RNA interference (RNAi) have
been undertaken in a variety of systems [10–12]. Thus far, indi-
vidual depletion of single transmembrane proteins of the INM
has not led to a detectable phenotype. Although redundancy
in function might account, at least in part, for these negative
results, they could also be due to insuﬃcient downregulation
of the corresponding genes. Therefore, we performed RNAi
experiments on known and novel INM proteins in human cell
lines using conditions where the proteins were depleted below
the detection limit and monitored nuclear morphology and cell
survival. Whereas depletion of most of the proteins did not
interfere with nuclear integrity, we found that the protein
Lem2 is required for normal nuclear morphology.
Lem2 is a conserved transmembrane protein, which is simi-
lar to the INM-protein Man1, but lacks an RRM domain [13].
Recently, it was suggested that the protein resides in the INM
[13,14]. Lem2 has two transmembrane domains, and long N-
and C-terminal regions that protrude towards the cytosol/
nucleoplasm. The N-terminal region contains the so-called
LEM (Lap2, Emerin, Man1) domain, a sequence motif known
from other INM proteins. LEM domains can mediate binding
to the chromatin protein barrier-to-autointegration factor
(BAF) [15].2. Materials and methods
2.1. Cell culture and siRNA transfection
HeLa Kyoto and U2OS cells were grown at 37 C/5% CO2 in
DMEM (Invitrogen) supplemented with 10% FCS, penicillin and
streptomycin. HeLa-GFP lamin B1 cells were a kind gift of Jan Ellen-
berg and Lucia Sironi (EMBL).
SiRNA oligonucleotides were purchased from Qiagen. The Lem2
speciﬁc oligonucleotides had the antisense sequences (1) UGGUCUU-
CUCCUUUCAACCdAdG, (2) UUGCGGUAGACAUCCCGGG-
dTdG, (3) UACAUAUGGAUAGCGCUCCdAdT targeting nucleo-
tides 1008–1028 (1), 78–98 (2) and 1297–1317 (3) of the Lem2 coding
sequence (GenBank Accession No. NM_181336). The control
oligonucelotide was against the GL2 luciferase gene and had
the sequence CGUACGCGGAAUACUUCGAdTdT. The laminA
speciﬁc oligonucleotide was the siRNA SI02662597 from Qiagen.blished by Elsevier B.V. All rights reserved.
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bated in 2.3 ml medium. The transfection mixture contained 100 ll
DMEM, 12 ll HiPerFect transfection reagent (Qiagen) and the siRNA
(40 nM ﬁnal concentration). The mixture was incubated for 10 min at
room temperature (RT) before it was added to the cells.2.2. Immunoﬂuorescence
Cells were grown on cover slips and ﬁxed with 4% formaldehyde in
PBS. Antibody-incubation was in PBS/3% bovine serum albumin and
0.05% Triton X-100 for 1 h at RT. Samples were analyzed using a
Leica SP2 confocal microscope. The antibodies used were against
LBR (Epitomics), emerin (ab 14208 from Abcam), lamin A (ab 8980
from Biozol), lamin B (X223 from ImmuQuest), Lap2b (BD Transduc-
tion Laboratories), NPCs (mAb414 from BABCO), a-tubulin and
c-tubulin (both Sigma). For the generation of a polyclonal rabbit-anti-
serum against human Lem2 we used the fragment corresponding to
amino acids 399–503.2.3. Cell cycle analysis and in vivo imaging
Cells were treated with trypsin/EDTA and washed twice in PBS be-
fore ﬁxing them in 70% ethanol overnight at 20 C. Cells were
washed twice in PBS and incubated in staining solution (20 lg/ml pro-
pidium iodide, 20 lg/ml RNase A, 0.1% Triton X-100 in PBS) for
30 min at 37 C. Cells were analyzed in an BD FACScan machine.
Live cell imaging on HeLa GFP LaminB1 cells was performed using
a Delta Vision Restoration microscope (Applied Precision, Inc.)
equipped with a three-dimensional motorised stage and a Cool-
SNAPHQ (Photometrics) CCD camera. Three-dimensional images
were recorded every 10 min over a time period of 14 h.Fig. 2. Western blot (A) and growth curve (B) of siRNA treated cells.
HeLa cells were treated with two diﬀerent siRNAs against Lem2 (solid
lines) or luciferase (dotted line) and cell numbers were counted at the
timepoints indicated. The Western blot shows cell lysates after 96 h of
RNAi and was treated with antibodies against Lem2 and c-tubulin (as
loading control).3. Results and discussion
To obtain insight into the function of INM proteins in NE
integrity we performed RNAi on the transmembrane proteins
lamin B receptor (LBR) [16], lamina-associated polypeptide 2bFig. 1. (A) Western blot probed with aﬃnity puriﬁed polyclonal antiserum against Lem2 on HeLa cell crude extract. (B) Immunoﬂuorescence
analysis on HeLa cells. The cells were stained with Lem2 antiserum and a monoclonal antibody against laminA (as indicated). siRNA was used to
deplete endogenous laminA. DNA is stained with DAPI. Bars, 10 lm.
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to a detectable phenotype (see below). The absence of such a
phenotype in cells depleted of the other INM proteins is in
accordance with previous studies [10,11].
To analyze Lem2, we ﬁrst raised a polyclonal antibody
against it. After aﬃnity puriﬁcation, the antibody recognized
a band at approx. 60 kDa in HeLa cell extracts (Fig. 1A).
Immunoﬂuorescence on HeLa cells revealed a strong staining
on the entire nuclear envelope and only a weak background
signal in the cytoplasm (Fig. 1B), demonstrating that native
Lem2 is localized to the NE. In a previous study using GFP-
tagged Lem2, its NE-localization was shown to be dependent
on lamin A [13]. We therefore depleted lamin A by siRNA.
Part of the endogenous Lem2 protein was now localized out-
side the NE, most likely in the ER. However, a considerableFig. 3. (A) Immunoﬂuorescence of cells transfected with siRNA against Lem
ﬁxed 96 h after transfection and stained with the Lem2 antibody (middle co
with DAPI (left column). Bar, 10 lm. (B) Quantitation of mis-shapen nuclei (
per experiment and four independent experiments were included. The error ba
cells after Lem2 depletion. The bars mark the G2/M phase and percentagesfraction of the signal was still at the NE (Fig. 1B). We conclude
that eﬃcient localization of Lem2 at the NE depends on lamin
A, in agreement with the results of Brachner et al. [13].
We next utilised RNAi to deplete the Lem2 protein (Fig. 2).
Three diﬀerent siRNAs (targeting distinct parts of the Lem2
mRNA) were capable of depleting Lem2 eﬃciently and led to
the phenotypes described below. Two siRNAs (named 1 and
2, see Fig. 2A) were chosen for further analysis. The Lem2 siR-
NAs had a strong eﬀect on the growth of the cells, as compared
to a control siRNA. After about 48 h, the cells showed a delay
in proliferation rate or even began to die (Fig. 2B).
Immunoﬂuorescence analysis was carried out to investigate
the eﬀect of the siRNA on the cellular level. The data conﬁrmed
that the Lem2 protein was depleted to an almost undetect-
able level (Fig. 3A). After 96 h, cells accumulated which had2 or control siRNA. HeLa cells (top) and U2OS cells (bottom) were
lumn) and mAb414 (right column) to visualize NPCs. DNA is stained
lobulations, invaginations) after Lem2 RNAi. 100 nuclei were counted
rs are the standard deviation. (C) Cell cycle proﬁle of control cells and
of cells in that phase are indicated.
Fig. 3 (continued)
Fig. 4. (A) Immunoﬂuorescence (IF) of Lem2 depleted or control
HeLa cells. Several antibodies against proteins of the NE were used (as
indicated). In the sample stained for Lem2, NPCs were also visualized
(bottom panel) to mark the positions of the cells. Bar, 10 lm. (B)
Western blot showing INM protein levels after 96 h control or Lem2
RNAi. (C) IF of a-tubulin (left) and co-staining of a-tubulin (red) and
LBR (green). Bar, 5 lm.
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larly shaped nucleus whose rim appears smooth in an equato-
rial confocal section. In contrast, Lem2 depleted cells showed
nuclei with large invaginations of the NE membranes as well
as lobulations, leading to extremely malformed structures
(Fig. 3A and B). In some cases, two nuclei were present in a
cell, interconnected with thick chromatin bridges, indicating
segregation defects. Accordingly, the cell cycle proﬁle of the
Lem2 RNAi cultures revealed a modest accumulation of cells
in the G2/M phase (an increase from 14% to 19% of the cells
analyzed, Fig. 3C). However, given the strong eﬀect of the si-
RNA on proliferation, a block in the G2/M phase of the cell
cycle does not seem to be the major problem caused by
Lem2 siRNA. These eﬀects of the siRNA were also seen using
human U2OS cells (Fig. 3A), hence they are not speciﬁc to
HeLa cells.
To test whether Lem2 depletion leads to mislocalization or
co-depletion of other NE proteins, we performed immunoﬂuo-
rescence for several proteins in the aberrantly formed nuclei of
Lem2 deﬁcient HeLa cells. The transmembrane proteins LBR,Lap2b and emerin, as well as lamin A and lamin B were all still
localized to the NE and, except a for a slight increase in the
LBR signal, their amounts were not signiﬁcantly changed as
compared to the controls (Fig. 4A, B). In addition, NPCs were
present in the Lem2 deﬁcient nuclei (Fig. 3A). Hence, although
the NE of Lem2 depleted cells is misshapen, it still contains all
the proteins investigated. In addition, no obvious defects in
chromatin condensation and organisation could be detected
by DNA staining (not shown).
Increasing evidence suggests that nuclear shape is, at least
in part, inﬂuenced by interactions of the NE with the cyto-
skeleton ([18] and references therein). To test whether ele-
ments of the cytoskeleton were associated with the nuclear
lobulations and NE invaginations, we performed immunoﬂu-
Fig. 4 (continued)
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there was no obvious diﬀerence between Lem2 deﬁcient
and control cells (Fig. 4C and data not shown). In addition,
treatment with the microtubule-modifying agents nocodazole
and taxol did not aﬀect nuclear morphology in a way simi-
lar to Lem2 depletion (not shown). This suggests that the
problems occurring in Lem2 deﬁcient cells arise from pertur-
bations of the NE itself, in accordance with the localiza-
tion of the Lem2 protein to the inner nuclear membrane
[13].
A misshapen nucleus could result from a defect in the post-
mitotic assembly of the nuclear envelope. However, as the
Lem2-depleted NEs contained NPCs and many other proteins
of the NE (Figs. 3A and 4A and B), including lamins, a major
problem in the reassembly of the NE after mitosis seemed un-
likely. Alternatively, the abnormalities could form indepen-
dently of mitosis. To address this question, we performed
live-cell imaging on HeLa cells stably expressing lamin B fused
to EGFP as a marker of the NE. The cells were treated with
siRNA and recorded 48 h after the transfection for additional
14 h. In cells transfected with a control siRNA we occasionally
observed dividing cells and the shape of most NEs appeared
normal (Fig. 5).
The eﬀect of the Lem2 siRNA on nuclear morphology and
growth was comparable to the other cell lines tested, i.e. many
abnormally shaped nuclei were present. Interestingly, several
times we observed a normally shaped nucleus that turned into
an abnormal structure during the course of our recordings
(Fig. 5, arrowheads). The changes in morphology usually
started with invaginations of the NE followed by a severe
change in the overall structure. In addition, some cells with
an abnormal nucleus also died during our recording, but none
divided, which is in accordance with the growth curves (datanot shown and Fig. 2). We conclude that the Lem2 siRNA
led to NE defects that appeared independently of postmi-
totic nuclear reassembly. Normally shaped NEs progressively
turned into abnormal structures.
Our data suggest that the Lem2 protein is critically involved
in maintaining the structural integrity of the NE. Its depletion
leads to an accumulation of cells with misshapen nuclei and
eventually to cell death. So far, such essential functions have
not been demonstrated for any other individual transmem-
brane protein of the INM.
A potential mechanism by which Lem2 could determine the
structure of the NE is the interaction with partners on the
nucleoplasmic side, i.e. chromatin or the nuclear lamina.
Indeed, it was shown that lamin A is critical for the localiza-
tion of a considerable amount of Lem2 ([13]; see also Fig. 1).
Lem2 could therefore be involved in connecting the INM
to the nuclear lamina. However, after Lem2 depletion both
lamin A and B localized normally to the NE, and depletion
of lamin A did not lead to a comparable phenotype
(Fig. 1). A possible explanation is that although lamins do
localize to the NE, they lack a factor (namely Lem2) in the
INM which is involved in interconnecting and crosslinking
the lamina network, hence the nuclear lamina becomes more
fragile when Lem2 is depleted. Further experiments on the
mechanical stability of the Lem2 deﬁcient nuclei will address
this question.
Lem2 could also directly interact with chromatin. It con-
tains a LEM domain that is known to bind to the chromatin
protein BAF. However, we could not observe a mislocaliza-
tion of Lem2 after depletion of BAF (data not shown), and
RNAi against BAF in Caenorhabditis elegans does not inter-
fere with Lem2 targeting to the NE either (Matyas Gorjanacz,
personal communication). Hence, it is not clear whether the
two proteins interact. Alternatively, we recently showed
that several transmembrane proteins of the INM bind
directly to DNA via large, highly basic domains [6]. Lem2
has a highly positively charged N-terminal nucleoplasmic
region (pI = 11.3), and this domain could be involved in
NE-chromatin interaction. Therefore, there are several ways
by which Lem2 could interact with either chromatin or the
nuclear lamina, or both.
A crucial role of Lem2 in mediating the integrity of the NE
might also be inferred from the fact that Lem2 is one of the
most conserved proteins of the NE [13,19]. In yeast, the ab-
sence of the related Src1 protein leads to defects in meiosis
[20]. In human cells, as shown here, loss of Lem2 yields de-
fects in nuclear morphology. In C. elegans, residual protein
not depleted by RNAi might be responsible for the mild
eﬀects of Lem2 depletion on nuclear morphology and cell
survival [21]. The strong phenotype in human cells was only
observed after a long and highly eﬃcient Lem2 depletion by
RNAi.
In summary, we show that the conserved INM protein Lem2
is required for normal NE morphology. We speculate that
interactions of the protein either with lamins or with DNA/
chromatin are involved in providing the structural basis for a
normally shaped nucleus. In addition to structural changes
of the NE, loss of Lem2 could also lead to alterations in gene
expression. A role in gene regulation has been demonstrated
for several INM proteins [22,23] and it will be interesting to
test to what extent the detrimental eﬀects of Lem2 depletion
may derive from alterations in gene expression.
Fig. 5. Live cell imaging of HeLa cells expressing a GFP tagged version of lamin B. Cells were transfected with Lem2 (top) or control (bottom)
siRNA and recorded after 48 h for an additional 14 h. Images taken at three time points (as indicated) are shown. Arrowheads mark changes in NE
morphology. Bar, 10 lm.
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